Abstract The Pb(II) and Ni(II) biosorption of a fungal biomass isolated from mine drainage of metal-processing industries in Balya (Balıkesir province, Turkey) was optimized using a response surface methodology by altering parameters such as pH, initial metal concentration, contact time and biosorbent dosage. This strain was shown to be highly similar to Penicillium sp. Furthermore, zeta potential measurements and Fourier transform infrared spectroscopy were performed to understand the adsorption mechanism. A Box-Behnken design with 29 experiments was used to evaluate the interactions between independent variables. The results showed that the fungal biomass isolated from the metal mine drainage could have a significant environmental impact through the biosorption of Pb(II) and Ni(II) in waters polluted with heavy metals, particularly in the drainage from metal mines. The maximum removal values were 76 and 47 % at pH 4.5 for both Pb(II) and Ni(II), with 123 and 33 mg/L initial metal concentrations, 65 and 89 min contact times and 0.2 and 1.6 g/L biosorbent, respectively.
Introduction
Current active and abandoned mine regions are considered the main sources of metal-contaminated waters. These waters, known as acidic mine drainage (AMD), contain high concentrations of sulfates, heavy metals and metalloids (Johnson and Hallberg 2005) . Metal mine drainage (MMD) is one type of AMD. Heavy metals, such as lead, mercury, copper, cadmium, zinc, nickel, and chromium, are among the most common pollutants in MMD that threaten the environment, animals and humans due to their extreme toxicity (Sheoran and Sheoran 2006) . Because these environmental conditions destroy aquatic ecosystems, most MMD sites appear lifeless. Furthermore, MMDs choke rivers and lakes with layers of precipitates, such as hematite, schwertmannite and jarosite (Gazea et al. 1996) . However, AMDs also harbor several microorganisms, such as bacteria, archaea, fungi, protists, and algae, which tolerate high concentrations of heavy metals (Hallberg and Johnson 2001; Baker et al. 2004; Das et al. 2009 ).
Microbial eukaryotes may play important roles in AMD communities, but those roles have only been partially determined. Fungal hyphae may contribute to the anchoring of biofilms to pyrite sediments and, in this way, provide surfaces for the attachment of prokaryotes (Baker and Banfield 2003; Ugulu et al. 2012 ). In addition, fungi surviving in mining facilities were considered to be able to tolerate several heavy metals at higher concentrations due to their habitats (Das et al. 2009; Cerino Córdova et al. 2011) . The cell walls of these fungi have high metalbinding capacities and may also show high values of intracellular accumulation (de Rome and Gadd 1987) . Heavy metals are toxic and carcinogenic to a variety of aquatic organisms, even at very low concentrations (Akar et al. 2009 ). Among these metals, nickel is the predominant soluble ion in waste streams (Wang et al. 2007) . Lead is also particularly toxic to all organisms, even at low concentrations, and can be harmful to the nervous system, gastrointestinal tract, kidneys and reproductive system, particularly in children (Feng et al. 2004; Akar et al. 2007 ).
Biosorption can be used for the effective removal and recovery of heavy metal ions from industrial solutions as an alternative to chemical and physical methods, such as precipitation, ion exchange and adsorption (Akar et al. 2006) . Although conventional techniques can reduce the levels of metal ions, they do not appear to be very effective due to their limited pH ranges, as well as the associated expense (Wang et al. 2007) .
Fungal biomass has been used for the adsorption of heavy metals from aqueous solutions (Gadd and White 1989) . Fungal cell walls and their components play major roles in biosorption (Hafez et al. 1997; Kapoor and Viraraghavan 1997) . Because fungi can also be easily grown in larger amounts using simple techniques, they can serve as an economical means of treating effluents loaded with toxic metal ions (Volesky and Holan 1995) .
Conventional, time-consuming optimization methods require a large number of experiments to determine optimal conditions. All the relevant parameters can be optimized simultaneously by statistical experimental designs, such as response surface methodology (RSM), Taguchi's design and Plackett-Burman experimental design (Elibol 2002) . Among these methods, RSM is a useful method for analyzing the effects of several independent variables on the response (Aslan and Cebeci 2007) . In recent years, this method has been widely applied to biotechnology experiments, such as biosorption (Bhunia and Ghangrekar 2008) .
The aim of this study is to investigate the potential effectiveness of metal biosorption in aqueous solutions using the dried biomass of a fungal strain isolated from MMD that included toxic heavy metals, such as Pb(II) and Ni(II). The optimal conditions for the removal of Pb(II) and Ni(II) were determined using a Box-Behnken experimental design.
The research activities have been conducted in Eskisehir, Turkey. The experiments started in 2011.
Materials and methods

Preparation of biosorbent and metal solutions
A fungus isolated from the drainage of a metal mine in Balya (Balıkesir, Turkey) was used for biosorption studies. Water samples were collected from the mine drainage for fungal isolation. According to these results, the Pb(II) and Ni(II) concentrations were 1.7 and 0.227 mg/L, respectively. The fungal isolation was performed using this water sample. For biosorption studies, the isolated fungus was grown in malt broth medium for 7 days and then washed with distilled water, filtered and dried in an oven overnight (60°C); then, the sample was finally pulverized to \300 lm and stored at ?4°C for further experiments.
The stock solutions (1 g/L) of Pb(II) and Ni(II) were prepared by dissolving appropriate quantities of Pb(NO 3 ) and NiCl 2 salt. All the chemicals were of analytical grade and were obtained from Merck. The stock solution was diluted as necessary to prepare solutions. The initial pH values of the Ni(II) and Pb(II) solutions were adjusted to the required value with HCl and HNO 3 , respectively, before mixing the biosorbent suspension. Fresh dilutions were prepared for each study.
Optimization studies with the Box-Behnken design Batch biosorption studies were conducted using metal solutions in 250-mL Erlenmeyer flasks with a 50-mL working volume. The solutions in the flasks were adjusted to different pH values and biosorbent dosages, and the initial metal concentrations and contact times were used to determine the optimal biosorption conditions. The RSM was used to evaluate and determine the optimal conditions. The temperature and agitation rate were held constant at 30°C and 125 rpm, respectively.
This study used a Box-Behnken design matrix to minimize the number of experiments required and obtain an accurate prediction. According to the Box-Behnken design, 29 experiments were conducted for each metal ion, and the effects of the following independent variables were systematically investigated: pH, initial metal concentration, contact time and biosorbent dosage.
The factor levels used in this study for the Pb(II) and Ni(II) removals were 2.5, 3.5 and 4.5 for pH; 25, 87.5 and 150 mg/L of initial metal concentration, respectively; 5, 47.5 and 90 min of contact time; 0.1, 1.05 and 2 g/L of biosorbent dosage. The design-expert statistical software package was used to analyze the data.
At the end of the experiments, the biosorbent and metal solutions were centrifuged at 7,000 rpm for 10 min, and the supernatants were analyzed to determine the residual metal concentration using atomic absorption spectrometry (Perkin Elmer 3110). These absorbances were then compared with standard curves plotted using different concentrations of the appropriate metal.
Biosorbent characterization
The mechanism of biosorption was investigated by measuring the zeta potential and by performing FTIR spectroscopy. The FTIR spectra of the biosorbent before and after metal adsorption were recorded using a Bruker Tensor 27 spectrophotometer in the region of 400-4,000 cm -1 .
FTIR spectra were measured on KBr pellets prepared by pressing mixtures of 1-mg dry powdered sample and 100-mg spectrometry-grade KBr under vacuum. The magnitude of electrostatic interaction between the bacteria cell surfaces and a metal ion is a function of electrokinetic potential expressed here as zeta potential. The net surface charge of the biomass at different pH values was determined from the zeta potential measurements obtained using a Malvern Zetasizer instrument.
Identification of the biosorbent fungus
Many different culture media, such as Czapek solution agar, malt extract agar and potato dextrose agar media, were used to identify the fungal species (Pitt and Hocking 2009; Samson et al. 2002; Watanabe 2002) . The micro-and macro-morphologies were assessed, as well as the reverse and surface coloration of the colonies. The fungus was identified to the genus level according to the Barnett and Hunter method (1998) .
Genomic DNA of this filamentous microfungus was extracted using the CTAB protocol. The fungal internal transcribed spacer (ITS1-5, 8S rDNA region) was amplified. The PCR amplification was performed in a 25-lL reaction mixture containing 1X PCR buffer, 1.5 mM MgCI 2 , 0.4 mM dNTP, 1.25 units Taq DNA polymerase, 0.8 mM primer and 1 lL DNA template. The PCR program consisted of an initial denaturation step at 94°C for 3 min, followed by 40 cycles of 94°C for 35 s, 52°C for 35 s and 72°C for 45 s, and then a final extension step at 72°C for 7 min. The PCR products were visualized by gel electrophoresis on a 1 % agarose gel, and then, the ITS region was visualized (White et al. 1990 ). The PCR products were then purified and subjected to sequence analysis. Sequence similarities were identified using the BLAST tool from the National Center for Biotechnology Information. Phylogenetic trees were constructed with the neighbor-joining method using Mega 4.0 software. The evolutionary distance between organisms is indicated by the horizontal branch length.
Results and discussion
Optimization of biosorption
The Box-Behnken design was used to statistically analyze the experiments and evaluate the effects of process parameters on Pb(II) and Ni(II) removal (%). Table 1 presents the results of the experiments conducted according to the Box-Behnken design to study the effects of the four independent variables.
The sequential model sum of squares, lack of fit tests and model summary statistics were used to determine the adequacy of the model for Pb(II) removal (%). The bestfitting mathematical models of the responses were selected based on the comparisons between several statistical parameters, including the coefficient of determination (R 2 ), the adjusted coefficient of determination (adj-R 2 ) and the F value provided by analysis of variance (ANOVA).
The model summary statistics showed that the regression coefficient was best for the quadratic model. Additionally, ANOVA analysis confirmed that the model adequately explained the relationship between the variables and the response. The ANOVA results for Pb(II) and Ni(II) removals are shown in Table 2 .
The second-order polynomial model was used to determine the relationship between variables and responses, where A, B, C and D denote pH, initial metal concentration, contact time and biosorbent dosage, respectively. The analysis of variance (Table 2) for Pb(II) removal indicated that the main effects of pH, initial metal concentration, biosorbent dosage and the second-order effects of pH 9 initial metal concentration, initial metal concentration 9 biosorbent dosage, pH 2 and biosorbent dosage 2 were significant model terms. Consequently, the model describing the relation between the independent variables and the response is presented in Eq. (1):
The adjusted R 2 = 0.8936 of the quadratic model in Eq. (1) is in reasonable agreement with the predicted R 2 = 0.8027. The obtained quadratic model is highly statistically significant (p \ 0.0001) according to the ANOVA as reported in Table 2 . The model F value of 34.606 implies that the model is significant. The ANOVA results confirmed that the simplified quadratic model was satisfactorily adjusted to the experimental data. The normal probability plot of studentized residuals is shown in Fig. 1 . The data points on this plot lie reasonably close to the straight line, supporting the significance of the model and confirming that the assumptions of the analysis were satisfied.
The analysis of variance (Table 2) for Ni(II) removal indicated that the main effects of pH, initial metal concentration, contact time and biosorbent dosage and the second-order effects of pH 9 initial metal concentration, pH 2 , initial metal concentration 2 and contact time 2 were significant model terms. By eliminating the insignificant main and interaction terms, the final model for Ni(II) removal (%) in terms of actual factors determined by the design-expert software is shown below: 
Using the design-expert software, power transformation with a k value of 1.85 was found to provide the best fit. The quadratic model with power transformation in Eq. (2) had an adjusted R 2 of 0.952, indicating the fitness of the regression and good agreement with the predicted R 2 of 0.9277. According to the ANOVA presented in Table 2 , the high F value (71.156) and the very low probability (p \ 0.0001) indicate that the model adequately predicts the experimental results. The ANOVA results confirm that the reduced quadratic model fits the experimental data. The normal probability plot of studentized residuals is shown in Fig. 1 . The data points on this plot lie reasonably close to the straight line, supporting the significance of the model and confirming that the assumptions of the analysis were satisfied. The precision value of 33.715 indicates that the design model is sufficiently precise.
The three-dimensional surface plots are graphical representations of regression equations as functions of two factors, while all other factors are maintained at fixed levels. These plots are useful for understanding both the main and interaction effects of variables. Figures 2a-f and 3a-f show all the possible combinations of 12 response surface plots. These plots can be used to test the interactions between variables. Figure 2 shows response surface curves for Pb(II) removal and depicts the interactions between independent variables. In Fig. 2a , the analysis of the effects of pH and contact time on Pb(II) removal indicates that Pb(II) removal increases with an increase in pH from 2.5 to 4.5, while other variables are held at their central values. When pH varied from 2.5 to 4.5, the maximum Pb(II) removal was 69.2 % at pH 4.5 and 25 mg/L metal (Fig. 2b ). An concentration and 10 g/L of biosorbent (Azila et al. 2008 ). According to Fig. 2d , the maximum removal of Pb(II) was observed for 150 mg/L initial metal concentration and 5 min of contact time at pH 3.5 and a biosorbent dosage of 1.05 g/L. The removal of Pb(II) ions increased as the initial metal concentration increased as seen in Fig. 2e . An analysis of the effects of contact time and biosorbent dosage showed that the removal of Pb(II) ions decreased as the biosorbent dosage increased (Fig. 2f) . Furthermore, the interaction graph indicates that contact time did not have a significant effect on the response variable. Figure 2d and f showed that contact time did not have a significant effect on the removal of Pb(II) ions. Figure 3 shows response surface curves for Ni(II) removal and depicts the interactions between independent variables. Figure 3a indicates that when the initial metal concentration and biosorbent dosage are constant at 87.5 mg/L and 1.05 g/L, respectively, Ni(II) removal increases significantly with pH and increases to a lesser degree with contact time. When pH was varied from 2.5 to 4.5, a maximum Ni(II) removal of 42.9 % was observed at pH 4.5 and an initial metal concentration of 25 mg/L as seen in Fig. 3b . However, Kumar et al. observed that the removal of Ni(II) ions increased with increases in pH from 2.0 to 6.0 and Ni(II) concentration from 10 to 60 mg/L, and no decrease was observed after the equilibrium removal of Ni(II) ions was achieved (Kumar et al. 2009 ). pH had a significant effect on both responses in our study, as indicated by the ANOVA results. The removal of Ni(II) ions was enhanced as the pH was increased. A maximum Ni(II) removal of 41.2 % was observed at pH 4.5 and a biosorbent dosage of 0.10 g (Fig. 3c) . Amini et al. also found similar results. They found a maximum Ni(II) uptake of 4.75 mg Ni(II)/g biomass (71.13 %) at an Aspergillus niger dosage of 5.36 g/L and a solution pH of 5.68. They also observed lower Ni(II) uptake above the A. niger dosage of 5.36 g/L and suggested that this effect could be due to a decrease in the rate of uptake due to the attainment of equilibrium between the adsorbent and adsorbate (Amini et al. 2009 ). Both Ni(II) and Pb(II) competed with other cations for the limited number of negatively charged active sites on the cell walls; because the cell surface charge was positive at highly acidic pHs, the metal uptake at lower pH values was lower (Dursun 2006; Amini et al. 2008) . In this study, however, as demonstrated by many other authors, biosorption efficiency also increased when pH was increased to the pH at which the metal precipitates. Many functional groups, such as carboxylic and phosphate groups, carry negative charges, and these negatively charged sites could interact with positively charged metal ions via electrostatic interactions (Qu et al. 2011) . Figure 3d shows the interaction effect of initial metal concentration and contact time on Ni(II) uptake in a 3D plot. According to the figure, maximum Ni(II) uptake was obtained with an increase in the initial metal concentration and contact time. In Fig. 3e , the removal of Ni(II) ions increased as the biosorbent dosage and initial metal concentration increased. According to the observations of Amini et al., the quantity of Ni(II) absorbed per unit mass of biosorbent increased when the initial Ni(II) concentration increased (Kumar et al. 2009 ). When the biosorbent dosage was varied from 0.1 to 2 g/L, a maximum of 38.4 % Ni(II) removal was observed at a contact time of 90 min (Fig. 3f) .
A confirmatory experiment was used to validate the accuracy of the model. The aim of this experiment was to validate the model and determine whether the conclusions drawn from the analyses were correct. A useful confirmation is to determine whether the new observation falls within the predicted response interval at that point (Montgomery 2005) . The optimal conditions for the removal of Ni(II) and Pb(II) are shown in Table 3 . For the optimal combinations of responses, additional experiments were performed under the same conditions as the original experiment to assess the validity of the regression models. The responses were measured, and the results of the confirmatory trials are also shown in Table 3 . The validation was performed by predicting the response at the optimum point using the developed model, calculating the prediction interval, and then conducting a confirmatory experiment. The results measured in these confirmatory experiments were found to be reasonably close to the predicted results, and they felt inside the prediction interval, confirming the validity and adequacy of the predicted models.
Biosorbent identification and characterization
The high acidity of MMD and the high levels of dissolved heavy metals, such as copper, nickel, lead, zinc, manganese, iron and arsenic, make this acidic water extremely toxic to most aquatic organisms (Penreath 1994 Fig. 4 Phylogenetic tree related to the sequence analysis of the biosorbent used in this study have reported a lower diversity of fungal species in soils contaminated with heavy metals. This study isolated a fungal strain from MMD and used it for biosorption studies. The biosorbent in the present study was identified by the classical method as Penicillium sp. Molecular identification also identified the same genus. According to BLAST analysis of the ITS sequence, this strain exhibited 95 % similarity to Penicillium janthinellum. Figure 4 shows the phylogenetic tree related to the sequence analyses of the biosorbent in this study. AMD-2 indicates the isolate used as biosorbent in this study. This genus has been reported to inhabit acidic, metal-rich environments (Baker et al. 2004) , and this strain has exhibited metal tolerance (Kumar et al. 2012; Iskandar et al. 2011 ).
To determine the main functional groups of the biomass involved in Ni(II) and Pb(II) biosorption, infrared spectroscopy was performed before and after biosorption. A strong, broad band for O-H stretching in carboxylic groups was observed at 3,444 cm -1 , along with a C-H symmetric stretching vibration band of CH 2 in the region of 2,927 cm -1 . After Ni(II) and Pb(II) treatment, the spectra indicated some changes in the functional groups on the biomass (Fig. 5) . The absorption bands of the -CH symmetric stretching, -CH bending, -SO 3 stretching, -S=O stretching and -C-O stretching were shifted after Ni(II) treatment. The peak at 1,242 cm -1 shifted to 1,236 and 1,234 cm -1 following Ni(II) and Pb(II) treatment, respectively, while the peak at 1,149 cm -1 shifted to 1,135 and 1,155 cm -1 following treatment with Ni(II) and Pb(II), respectively (Limin et al. 2009 ). These observed shifts in the FTIR analysis demonstrated that these metals bind to active functional groups, possibly carboxylic acid (1,000-1,260 cm -1
) and phosphate groups. These results indicate that chemical interactions occur between the Ni(II) and Pb(II) ions and the hydrogen atoms of the carboxyl and phosphate groups (Qu et al. 2011) . The absorption bands of the -C=O stretching and the amide-I band did not change. The bands at 1,076 cm -1 (-C-O stretching and carboxylic acid) and 1,406 cm -1 (stretching vibration band of C-O of COOH in uronic acid) observed for the untreated biomass did not appear in the Ni(II)-and Pb(II)-treated biomass samples (Fereidouni et al. 2009 ). The FTIR spectrum of Ni(II) loaded biomass indicates the presence of -C-H bending vibrations (aromatic) and -N-H bending, but these bands were not observed in the unloaded biomass (Table 4) . Figure 5 presents the surface charge of the biomass at different pHs. The zeta potential of the biomass was measured as positive at pH 1.5, 2.5 and 3.5. However, the surface of the biomass was negatively charged at pH values between 4.5 and 5.5. The minimum negative zeta potential value (zP = -2.98 mV) was observed at pH 4.5, corresponding to the maximum biosorption efficiency of Ni(II) and Pb(II) (Cabuk et al. 2007) .
Conclusion
This study used RSM to optimize the biosorption of Ni(II) and Pb(II) ions by adjusting the process variables. The quadratic models developed using the Box-Behnken design validated the good agreement between the observed and predicted values. Analysis of variance results showed a high coefficient of determination. The optimum conditions that maximized the removal efficiency of metal ions were determined using numerical optimization.
The habitats of biomasses are significant for their biosorbent ability, and habitats such as AMD that have low pHs, and high metal concentrations are thought to harbor organisms with the potential to adsorb heavy metals. These results are comparable to previously reported results in the literature. 
